Background: Cognitive biases may negatively impact clinical decision-making. The dynamic nature of a simulation environment can facilitate heuristic decision-making which can serve as a teaching opportunity. Methods: Momentum bias, confirmation bias, playingthe-odds bias, and order-effect bias were integrated into four simulation scenarios. Clinical simulation educators and human factors specialists designed a script of events during scenarios to trigger heuristic decision-making. Debriefing included the exploration of frames (mental models) resulting in the observed actions, as well as a discussion of specific bias-prone frames and bias-resistant frames. Simulation sessions and debriefings were coded to measure the occurrence of bias, recovery from biased decision-making, and effectiveness of debriefings. Results: Twenty medical residents and 18 medical students participated in the study. Twenty pairs (of one medical student and one resident) and two individuals (medical residents alone) completed a simulation session. Evidence of bias was observed in 11 of 20 (55%) sessions. While most participant pairs were able to avoid or recover from the anticipated bias, there were three sessions with no recovery. Evaluation of debriefings showed exploration of frames in all the participant pairs. Establishing new bias-resistant frames occurred more often when the learners experienced the bias. Conclusions: Instructional design using experiential learning can focus learner attention on the specific elements of diagnostic decision-making. Using scenario design and debriefing enabled trainees to experience and analyze their own cognitive biases.
Introduction
Cognitive biases are frequently cited as a source of diagnostic errors and a challenge to clinical decision-making. Studies have noted the pervasiveness of diagnostic errors in clinical practice [1] [2] [3] [4] [5] . Limitations related to attention, perception, memory, and knowledge make all humans susceptible to errors [6] . The potential for any error increases as complexity and uncertainty increase, familiarity decreases, and time constraints are added [7] . While the overall rate of diagnostic errors in medicine is estimated to be around 15% [8, 9] , errors are more prevalent where uncertainty and ambiguity are high such as in emergency medicine, family medicine, and internal medicine (IM) [10] [11] [12] [13] [14] [15] [16] [17] [18] . Although heuristics offer advantages in terms of efficiency and resourcefulness [19, 20] , they may fail in complicated healthcare environments. Cognitive bias can be defined as the failure of a heuristic strategy, although others may define bias as the systematic cognitive tendency without regard to being correct or incorrect [21] [22] [23] .
Simulation has been suggested as a debiasing strategy [24, 25] . However, the best instructional design method for effective simulation approaches to foster better heuristic decision-making is unknown. The effectiveness of this approach may depend upon effective debriefing approaches. The primary objective of this study was to evaluate the effectiveness of a simulation curriculum developed to (a) create situations where learners are susceptible to cognitive bias, (b) provide targeted feedback during debriefing to recognize source of biases, and (c) help learners reframe approaches to diagnostic decision-making.
Methods
This study recorded participants' behaviors in a simulated clinical environment to observe for events that may occur in real practice. The project was reviewed using "A pRoject Ethics Community Consensus Initiative" (ARECCI) screening tools and a conversation with an ARECCI reviewer to confirm our procedures for maintaining the confidentiality of subjects [26] . All study subjects provided written consent before participation, and data collection procedures were completed in compliance with the simulation center policies to ensure subject confidentiality.
Study setting
This simulation curriculum was designed and deployed at the Rockyview General Hospital Internal Medicine Simulation Program (www. medsimcalgary.com) in Calgary, Alberta, in collaboration with the Human Factors department at Alberta Health Services. Data collection was completed over a 5-month period. Each of the four scenarios was repeated monthly for different groups of learners.
Every simulation session started with a prebriefing, signed confidentiality statements, signed consent for video recording when applicable, and orientation to the simulation environment. Simulation activities were facilitated by an internist simulation educator and a confederate registered nurse. Debriefing occurred in the simulation laboratory immediately after the event, and the reflection was facilitated by the Promoting Excellence and Reflective Learning in Simulation (PEARLS) debriefing script [27] .
The debriefing process adhered to procedures followed in our simulation program which is accredited by the Royal College of Physicians and Surgeons of Canada. The debriefing content and strategies were developed and standardized during the 3-month pilot phase prior to data collection.
Cognitive biases
We selected four cognitive biases for this study based on our estimates of prevalence, fit within existing clinical scenarios, expected resonance with learners, and reproducibility across simulation sessions. Based on the literature, we defined behavioral indicators that participant learners would exhibit if they were experiencing each bias [1, 2, 28, 29] (See Table 1 ).
We designed each scenario to create situations where participants could experience a specific cognitive bias within four different presentations in IM. We developed a means of increasing the risk of bias for each scenario (e.g. handover of a diagnosis from another clinician). All scenarios featured a clinical problem with a broad differential diagnosis (e.g. shortness of breath). The correct diagnosis and the most likely incorrect diagnosis were established by the authors, who also defined the correct and incorrect actions for each scenario ( Table 2 ). The incorrect actions aligned with the behavioral indicators that learners would exhibit if they were experiencing the relevant cognitive bias. These incorrect actions were the basis for video coding.
All four scenarios were validated during a 3-month pilot period with three different groups of learners. This pilot phase was conducted prior to any data collection to test each scenario for alignment between the learning objectives of the clinical case, flow of the simulation event, and debriefing strategies. The instructional design followed a model of diagnostic decision-making [30, 31] which highlights external uncertainties in clinical decision-making ( Figure 1) ; the latter was used to design susceptibility to bias into the simulation. Debriefings focused on exploring learners' internal uncertainty and the specific frames driving the actions at the time when learners experienced bias-prone simulation events. A frame is a mental model that helps people make sense of external reality [32] .
Participants
Different groups of learners at the Rockyview simulation program rotate monthly and typically include medical students, post-graduate year (PGY) 1 IM residents, and PGY 1 subspecialty residents rounding on the IM teaching unit. All learners attended a total of 12 simulation sessions (eight were standard curriculum, not part of this study) as part of the monthly IM teaching curriculum. They did not receive the objectives of the study or other teaching about cognitive biases during their rotation. Before the study simulation sessions, learners had participated in at least one non-study simulation session in order to allow for familiarization with the simulation modality and environment.
Protocol
Each scenario was run during weekly simulation sessions for five consecutive monthly blocks using a randomized scenario order. Tendency to remember more information transferred at the beginning and end of an exchange and missing information in the middle -Ignoring or missing critical information in long exchanges -Giving information presented at the beginning and end more "weight" Playing the odds Tendency to form an opinion based on a perceived odds judgment rather than an objective evidence that rules out a particular diagnosis -A diagnosis is "most likely" because of patient demographics and/or history which influences the "odds" of the current diagnosis Thus, all four simulation scenarios were experienced by five consecutive monthly cohorts. Different participant learner pairs acted as the diagnostic team in each scenario. Two scenarios (one confirmation bias scenario and one order-effect bias scenario) were run a second time (with different learners) due to problems with the initial video recordings. Each session started with a 15-min prebriefing period to establish a safe learning environment [33] . Usually there are between 10 and 15 learners at every simulation session. After the prebriefing, two learners volunteered to participate in the simulated scenario as the diagnosticians; the remainder of the learners went to the observation room. The two participant learners and simulation educator were taken to a simulation room designed to mimic an emergency department room where the educator provided an overview and orientation to the simulation environment.
This orientation consisted of a review of the features and limitations of the high-fidelity mannequin (SimMan ® 3G, Laerdal Medical Canada, Ltd., Toronto, Canada), available equipment (e.g. vital signs monitor, oxygen delivery source and devices, personal protective equipment, and hand hygiene), phones, and electronic or printed AECOPD, acute exacerbation of chronic pulmonary obstructive disease; BP, blood pressure; CHF, congestive heart failure; CT, computed tomography; ED, emergency department; ER, emergency room; HR, heart rate; NRB, non-rebreather; O2 sat, oxygen saturation; PE, pulmonary embolism; RA, room air; SOB, shortness of breath.
resources (e.g. online access, hospital policies, and books). In addition, participants were oriented to clinical data sources such as a confederate nurse, a confederate family member, hospital records (emergency department chart and discharge summaries), and a computer screen where the results of the investigations [e.g. electrocardiogram (EKG), X-ray and lab results] would be displayed. The educator clarified the aspects of distortion of realism such as time (e.g. all results of the investigations available with short delay, consultants or help made available after a reasonable amount of assessment and independent decision-making), medications (e.g. no real medications were used), or personnel (scripted confederates such as nurse acting in her role and family members for some scenarios). Participant learners then left the simulation room and a few seconds later were brought back in by the confederate emergency department nurse who provided the initial patient presentation. The scenario proceeded in a semi-scripted fashion directed by the simulation educator depending on how the participant learners managed the case as outlined in Table 2 . Responses to learners' actions (e.g. physiological parameters of the mannequin, results of investigations, and reactions by confederates) were scripted but adjusted as necessary during the scenario by the simulation educator to maintain the physiological and psychological fidelity of the scenario. Each scenario took an average of 20 min to complete and was stopped by the simulation educator once the overall assessment (and sometimes, initial treatment) was completed and the patient was ready for transition to the next phase of patient care (e.g. admission to hospital). After simulation concluded, the simulation educator and all confederates met for a debriefing session in the observation room (Figure 2 ). 
Debriefing
Debriefing was performed after each scenario by one simulation educator who is certified by the Society of Simulation in Healthcare and is trained in the Community of Inquiry Model [34, 35] . The model explores the rationale and frames behind observed actions including the process of diagnostic decision-making. The primary goal of this facilitated reflection was to teach about the clinical learning objectives of the simulation scenario. A secondary goal was to identify the source of each of the four selected cognitive biases and their consequences. Specifically, a three-step change model was initiated first by bringing awareness to the current way of thinking (i.e. unfreezing the bias-prone mental model), promoting a different way of thinking (i.e. the change step), and finally, stabilizing and solidifying the new norm of thinking (i.e. refreezing to a new biasresistant mental model) [36] [37] [38] . Table 3 shows examples for both types of frames.
Outcomes and measurements
Video and audio recordings of the simulation scenarios and debrief sessions were captured. A spreadsheet was developed to code the following variables from the simulation and debrief sessions: Simulation scenario (experiencing bias) - Table 3 ).
Debrief sessions (changing the way learners think) -1. Explored frames related to bias (Yes/No) -based on whether the learner described any basis for their action/lack of action related to the bias. 2. Evidence of change in frames (Yes/No) -based on whether the learner mentioned in their final "take home message" comments that they have changed their frame or reinforced an existing frame that minimizes bias.
Two reviewers from the Human Factors team independently coded the videos of the simulation scenarios and debriefing sessions using the coding spreadsheet. The inter-rater reliability was 80% for the 100 questions (five questions for each of the 20 sessions) that were double-coded from the videos. The two reviewer spreadsheets were merged and where discrepancies existed, the reviewers discussed and came to a consensus on the coding. Though all responses from the raters were reviewed, the consensus discussion focused primarily on the 20 questions where there was disagreement. In addition, the reviewers scored the facilitator on their conduct of the debrief session, noting whether the facilitator exhibited behaviors (such as safety of learning environment, clarifications, and addressing learning questions) that helped close knowledge or performance gaps or provided a new frame.
Statistical analysis
Analyses were based on the coding results using the nominal scale (Yes/No) described earlier. Descriptive statistics illustrated how learner pairs responded differently to each of the four cognitive biases. An exploratory chi-squared (χ 2 )-test helped assess whether changes in thinking varied as a function of experiencing bias. Due to the exploratory and applied nature of the study, a liberal statistical significance alpha value of p < 0.10 was used [39, 40] . Order effects I don't have any limits on the amount of information that I can process. I never miss anything! "Pay attention more to the quality of information, not the quantity of information" Apply a specific structured communication framework
Playing the odds "Patients who are known to have certain medical problems are more likely to present with issues related to already known problems than anything else" "Each individual patient encounter should be first assessed as unique and independent from their previous and/or other patient encounters" Use a clinical prediction rule whenever available
Results

Baseline characteristics
A total of 38 participant learners (18 scenarios × 2 participants per scenario, 2 scenarios × 1 participant per scenario) representing 20 different learner pairs participated in this study. All learner pairs had one resident and one medical student with the exception of two scenarios with two different residents because a medical student was unavailable. Learners had the following demographics: male = 17 (44.7%), female = 21 (55.3%), medical student = 18 (47.3%) and junior resident = 20 (52.7%). Table 4 summarizes the simulation curriculum evaluation results. Overall, 11 of 20 (55%) learner pairs showed some evidence of bias during the simulated scenarios: four of five pairs showed evidence of the momentum bias, three of five pairs showed playing-the-odds bias, and two of five pairs showed confirmation bias and order-effects bias.
Outcomes
When there was evidence of bias, most pairs were able to recover (8/11, 73%) even though almost all pairs (18/20, 90%) used a defined countermeasure (i.e. an action taken to counteract a cognitive bias, see examples in Table 3 ). There were three scenarios (two for momentum bias, one for playing the odds) where learners did not recover from cognitive bias. In all three scenarios, the learners initiated treatment for the incorrect diagnosis, which represents a missed (or at least delayed) diagnosis and potential medical error. Analysis of debriefings showed that 19 of 20 (95%) sessions were able to explore learners' frames regarding bias. All (20/20) debriefing conversations were also judged to fit naturally within the collected observations and issues brought up by the learners. Just over half of the learners (11/ 20, 55%) showed evidence of a change in frames when stating their take-home message. The remainder of the take-home messages (45%) reflected the other aspects of the clinical scenarios such as medical concepts or teamwork. The momentum (4/5, 80%) and playing-the-odds (5/5, 100%) biases accounted for most of the changes in frames. Three of five participants experienced playing-the-odds bias but all five of five participants changed frames, which may suggest that learning can happen whether a participant has experienced the bias or not. Figure 3 shows how the results vary as a function of whether the learners showed evidence of bias. The use of countermeasures was useful in both avoiding (eight of nine) and recovering (eight of eight) from bias. There were two learner pairs that showed evidence of bias that did not recover despite using countermeasures. Both involved the momentum bias scenario where the learner pairs worked through a comprehensive history and partial differential diagnosis, but still ended up initiating treatment for the incorrect diagnosis of congestive heart failure. One learner pair was influenced by pressure from the family member confederate while the other pair was unable to find enough evidence to steer them away from a cardiac etiology for shortness of breath.
How learners respond when experiencing bias
There was no meaningful difference between learner pairs that showed evidence of bias compared to those that showed no evidence in terms of successfully exploring frames (11 of 11 vs. eight of nine) and debriefing on the effects of cognitive bias (11 of 11 vs. nine of nine).
An exploratory χ 2 test assessed the relationship between evidence of a change in frame and evidence of bias ( Table 5 ) and suggested that more learner pairs changed frames when they also showed evidence of bias, χ 2 [1] = 3.1, p = 0.08. Put another way, if learners show evidence of experiencing bias, they are more likely to change their thinking.
Discussion
The study evaluated a simulation curriculum that enables learners to experience and learn about four cognitive biases. Simulations can present a realistic picture of uncertainties and variations in healthcare practice [24] . Our curriculum was designed to induce internal and external uncertainties during clinical presentations and contexts where intuition and heuristics could dominate. The goal was to create a situation where learners were likely to experience cognitive biases under pressure but in a safe learning environment.
Curriculum evaluation demonstrated success in designing scenarios using the simulation teaching modality. Debriefings were able to explore learners' frames of mind regarding four biases and provide targeted feedback around mitigating cognitive bias. Facilitated reflection allowed the educator and learner to unfreeze existing frames and then refreeze a new frame. A key finding is that the effects of cognitive bias can be successfully explored via debriefing, regardless of whether bias is directly experienced by learners. The evaluation indicated that learners experiencing the bias were more likely to show a change in frames at the end of the simulation debrief. This reinforces the notion that it may be easier to educate on cognitive bias when the teaching modality incorporates an experiential component. However, the result should be interpreted cautiously in light of the small number of observations [39, 40] .
Two of the scenarios (momentum bias and playing the odds) in this evaluation were more effective in terms of learners experiencing the bias and changing frames. These two biases may be more impacted by external factors and therefore easier to create susceptibility to scenario design. For instance, with momentum bias, an initial diagnosis is established and passed from person to person without evidence. Playing the odds tends to be based on a perceived odds judgment, which we created by passing on the likelihood to the learner [i.e. "this is our fourth pulmonary embolism (PE) this week"]. Inducing bias in the other two scenarios was harder. Confirmation bias tends to be more internal -i.e. the learner needs to become fixated on the diagnosis, which may be more difficult to create in a short simulation scenario. The risk for the order-effect bias was created through a handover. However, we think that the learners may have had a heightened awareness and were more attentive because the handover was provided by a confederate. Thus, it was difficult to create a situation where the correct information is given, but not attended to or recalled.
There are several limitations to this study. First, the evidence of learning was evaluated by examining whether learners had changed their frames based on their takehome message in the debriefing. We did not evaluate the retention of the change in frames in a follow-up simulation or other assessment. Second, there was no distinction between individual or team decision-making and the monitoring of individual or group bias [41, 42] . Third, the analysis did not take into account the use of diagnostic decision aids, which were made available and may have a role in inducing or mitigating cognitive bias.
Future directions for the curriculum may be to include learners from other specialties or designing a curriculum that integrates different teaching modalities such as lectures or small group practice sessions [43, 44] .
Training to manage the risk of cognitive biases in clinical decision-making is challenging. The study shows that cognitive biases can be integrated effectively into a simulation curriculum and that by using an experiential simulation, learners may be exposed to the sources and factors contributing to failures in heuristic decisions. Reinforcing more bias-resistant frames and encouraging the use of specific bias recovery and avoidance countermeasures could help future diagnosticians improve their diagnostic decision-making.
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